Raoultella terrigena ATCC 33257, recently reclassified from the genus Klebsiella, is a drinking water isolate and belongs to a large group of non-typeable Klebsiella and Raoultella strains. Using an O-antiserum against a capsuledeficient mutant of this strain, we could show a high prevalence (10.5%) of the R. terrigena O-serotype among non-typeable, clinical Klebsiella and Raoultella isolates. We observed a strong serological cross-reaction with the K. pneumoniae O12 reference strain, indicating that a large percentage of these non-typeable strains may belong to the O12 serotype, although these are currently not detectable by the K. pneumoniae O12 reference antiserum in use. Therefore, we analyzed the O-polysaccharide (O-PS) structure and genetic organization of the wb gene cluster of R. terrigena ATCC 33257, and both confirmed a close relation of R. terrigena and K. pneumoniae O12. The two strains possess an identical O-PS, lipopolysaccharide core structure, and genetic organization of the wb gene cluster. Heterologous expression of the R. terrigena wb gene cluster in Escherichia coli K-12 resulted in the WecA-dependent synthesis of an O-PS reactive with the K. pneumoniae O12 antiserum. The serological data presented here suggest a higher prevalence of the O12-serotype among Klebsiella and Raoultella isolates than generally assumed.
INTRODUCTION
Bacteria of the genus Klebsiella are important opportunistic pathogens closely associated with hospitalacquired pneumonia, septicaemia, and urinary tract infections, primarily in immunocompromised patients. 1 In Europe and the US, Klebsiella spp. are among the most frequently reported pathogens associated with hospitalization and represent a major health problem within the clinical environment. 2, 3 Comparative genetic and biochemical analyses of the genus Klebsiella revealed a high phylogenetic heterogeneity leading to the delineation of the genus Raoultella, and the species K. terrigena, K. planticola and K. ornithinolytica have been assigned to the genus Raoultella. 4 Raoultella ornithinolytica, previously known as ornithine-positive K. oxytoca, has a high incidence among clinical Klebsiella isolates, ranging from 3.5% to 18.5%. 5, 6 Raoultella terrigena and R. planticola, primarily environmental bacteria, are also increasingly reported among human clinical specimens, suggesting that they should be considered as opportunistic pathogens. 7, 8 Both R. terrigena and R. planticola express putative virulence factors with similar frequencies as demonstrated for K. pneumoniae such as enterobactin or type 3 pili, emphasizing the pathogenic capabilities of these species. 9, 10 The currently used biochemical tests for differentiation of Klebsiella spp. in clinical laboratories do not distinguish between some Klebsiella and Raoultella isolates. 11 Therefore, Raoultella isolates are easily misidentified and their true clinical importance remains uncertain.
Wild-type Klebsiella typically express a smooth lipopolysaccharide (LPS) and a capsular polysaccharide (CPS, K) on their surface. Serological differentiation of Klebsiella spp. isolates is based on antiserum reactivity against both O-PS and CPS. Currently, 77 capsular and 9 O-serotypes are known. 12, 13 The limited number of different O-serogroups has prompted the development of vaccination strategies based on O-PS rather than CPS, but up to 21% of clinical isolates cannot be O-serogrouped yet. [14] [15] [16] Among these non-typeable strains, R. terrigena represents a large fraction and initiated this study to identify dominant O-serotypes among non-typeable strains. 5, 17 We have obtained an O-antiserum against a CPSdeficient mutant of R. terrigena ATCC 33257 and screened a total of 153 clinical Raoultella and Klebsiella isolates, demonstrating a wide distribution of the same O-seroreactivity among presently nontypeable clinical isolates. Structural analysis of the O-PS and cloning of the wb gene cluster show a close relationship of the non-typeable drinking water isolate R. terrigena ATCC 33257 to K. pneumoniae serotype O12, both at the genetic and the structural level.
MATERIALS AND METHODS

Bacterial strains and growth conditions
Klebsiella pneumoniae reference strains and antisera Friedländer 204 (O1:K -), 7380 (O2ab:K -), 5052 (O2ac:K6), 636-52 (O3:K58), 390 (O3:K11), Mich. 61 (O4:K15), 4425-51 (O5:K57), 264(1) (O7:K67), 889 (O8:K69), 1205 (O9:K72), 708 (O12:K80) were provided by M. Trautmann. Clinical Klebsiella and Raoultella isolates were obtained from different hospitals in Germany or Spain (kindly provided by V.J. Benedi). Escherichia coli strains, phages, and plasmids used in this study are described in Table 1 . All bacterial strains were routinely grown at 37 C in Luria-Bertani (LB) medium or on LB-agar plates (Difco). When necessary, ampicillin (100 mg/ml), kanamycin (30 mg/ml), chloramphenicol (10 mg/ml), or sucrose (5%, w/v) was added to the media.
O-Serotyping by competitive ELISA (cELISA)
The R. terrigena ATCC 33257 polyclonal antiserum against whole cell lysates of bacteria was generated at Eurogentec (Cologne, Germany). O-Serotyping of clinical Klebsiella and Raoultella isolates was carried out by competitive ELISA (cELISA) as described previously. 18 The R. terrigena ATCC 33257 specific typing method was established according to the ELISA procedure published by Brade et al. 19 Briefly, ELISA plates were coated overnight with R. terrigena LPS (10 mg/ml in phosphate-buffered saline [PBS], pH 7.2), and unbound LPS was removed by washing three times with PBS. Unspecific binding sites were blocked with casein buffer (0.25% [w/v] casein in 1.5 mM Na 2 HPO 4 , 8mM KH 2 PO 4 , pH 7.5) at 37 C for 1 h. Bacterial supernatants containing LPS were prepared by harvesting the bacterial mass from three freshly grown agar plates per strain in PBS and boiling for 2 h, followed by centrifugation to remove bacterial debris. The bacterial supernatants were mixed (1 : 1, v/v) with a 1 : 800 dilution of the R. terrigena specific antiserum. After pre-incubation at 37 C for 15 min, 50 ml were transferred to new LPScoated ELISA plates and incubated at 37 C for 1 h. After washing, bound antibodies were detected by alkaline phosphatase-conjugated anti rabbit-IgG(g) monoclonal antibodies (Sigma, 1 : 1000, 37 C, 1 h). Substrate solution (1 mg/ml p-nitrophenyl-phosphate; Sigma) was added, and the plates were spectrophotrometrically analysed. An optical density at 405 nm wavelength (OD 405 ) exceeding 0.3 was regarded as non-inhibitory and indicated a heterologous O-serotype.
Gel electrophoresis of LPS and Western blot
Purified LPS and whole cell lysates were analysed by sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) and stained with silver nitrate or transferred to polyvinylidene fluoride membrane (PVDF; Millipore). [20] [21] [22] [23] Antisera raised against R. terrigena (1 : 10,000) and K. pneumoniae 708 (1 : 16,000) were used for detection of homologous O-serotypes and traced with alkaline phosphataseconjugated anti rabbit-IgG(g) monoclonal antibody 1 : 1000 (v/v) with phosphatase substrate according to the protocol of the manufacturer (Sigma). R. terrigena antiserum was adsorbed following the protocol of Schlecht et al. 24 using the herein generated R. terrigena Áwzm mutant (1 : 300). 25 
Isolation of LPS and preparation of the O-polysaccharide
A capsule-negative mutant of R. terrigena ATCC 33257 (capsule type 65) was obtained as described previously by Podschun et al. 26 Loss of the K65 polysaccharide was verified by a capsule swelling reaction using an anti-K65 antiserum and determination of uronic acids content. [27] [28] [29] The capsule-negative mutant strain was then grown to stationary phase in LB medium in a 10-l fermentor. Cells were harvested by centrifugation, washed once with 70% ethanol, twice with acetone, once with diethylether, and dried (yield 6.1 g).
Lipopolysaccharide was extracted with hot phenolwater, followed by DNase, RNase, and proteinase K treatment and 30 LPS was recovered by three repeated ultracentrifugations (120,000 g, 4 C, 4 h), and lyophilisation of the supernatants (yields 539 mg, 6.9 mg, 0.5 mg, respectively) and the final sediment (1.2 mg). The O-PS was released by mild acid hydrolysis (0.1% acetic acid, 100 C, 1 h) and by de-amination (5% [w/v] NaNO 2 , 5% [v/v] acetic acid, 25 C, 7 h) as described previously. 31 The lipid A was removed by ultracentrifugation (120,000 g, 4 C, 2 h), and the supernatant containing the polysaccharide was separated on a Sephadex G50 column (3 cm Â 50 cm; Pharmacia) in pyridine-acetate buffer (4 : 10 : 986, v/v/v) at a flow rate of 0.5 ml/min. For a modified strong alkaline treatment under reducing conditions, 50 mg of LPS was dissolved in 2.5 ml 4 M KOH, followed by addition of 10 mg NaBH 4 . The solution was incubated at 50 C for 6 h in a 
Determination of the absolute configurations of sugars
Absolute configurations of N-acetyl-glucosamine (GlcN) and rhamnose (Rha) were determined by comparison of retention times in GLC with authentic standards after hydrolysis and conversion into per-O-acetylated S-(þ)-butyl glycosides. 32, 33 Nuclear magnetic resonance spectroscopy
Nuclear magnetic resonance spectra were recorded on a Bruker 600 DRX Avance NMR spectrometer equipped with a multinuclear z-gradient probe head ( 1 H 600. 13 MHz, 13 C, 125 MHz) at a temperature of 320 K with a 2 mg sample dissolved in 0.5 ml of D 2 O. Acetone, 2.225 ppm ( 1 H), and dioxane, 67.4 ppm ( 13 C), served as references. Spectra were recorded using Bruker standard pulse programs and analyzed with Bruker Xwinnmr software.
General DNA methods
Isolation and manipulations of DNA were carried out according to Sambrook et al. 34 DNA restriction endonucleases and T4 DNA ligase (New England Biolabs), Advantage Tth polymerase mix (Clontech), Pfu Turbo Hotstart polymerase (Stratagene), as well as shrimp alkaline phosphatase (Amersham Bioscience) were used as advised by the manufacturers. Electrocompetent cells were prepared following the protocol of Dower et al., 35 and transformation was performed in a Bio-Rad Gene-Pulser Transfection Apparatus (200 X, 25mF, 12.5 kV/cm, 4.7 ms).
Construction of an R. terrigena genomic library
A genomic library of R. terrigena ATCC 33257 was generated in pSuperCos1 using the Gigapack III Gold Packaging Kit according to the recommendations of the manufacturer (Stratagene). E. coli VCS257 carrying the R. terrigena wb gene cluster was selected by resistance to bacteriophage fFfm as described previously. 36 Construction of wbbl and wzm knockout mutants by allelic exchange
The suicide vector pCVD442 was used to generate chromosomal knockout mutations by allelic exchange. 38 Primers rmlDwbbL1 and wbbLwzm2 were used for amplification of a 2.8-kb DNA fragment containing the wbbL and wzm genes. The amplified fragment was cloned into pCVD442 and introduced into E. coli SM10 pir to obtain plasmid pKM99. 39 Transposon-mediated insertions were generated with the GeneJumper Insertions Kit as described by the supplier (Invitrogen), and transposon integration sites were determined by sequencing. Two plasmids, pKM105 (wbbL::MuCm) and pKM106 (wzm::MuCm) were chosen for transformation of R. terrigena, and clones resistant to ampicillin and chloramphenicol were subcultured without selection pressure for induction of vector backbone excision. Sensitivity to ampicillin and resistance to 5% (w/v) sucrose indicated loss of vector DNA.
Nucleotide sequence accession number
The nucleotide sequence of the R. terrigena ATCC 33257 wb gene cluster has been submitted to the GenBank database and assigned accession number AY376146. All isolates, originally characterized as non-typeable, were screened by competitive ELISA (cELISA) with antisera specific for K. pneumoniae reference serogroups O1-O12. 18 Of all isolates (n ¼ 153), we were able to determine the O-serotype of 40 (26.2%) additional isolates with the following distribution: O1 (13.7%), O2ab (7.2%), O3 (3.3%), O4 (1.3%), and O5 (0.7%). Serotypes O2ac, O7, O9 and O12 were not present. The remaining 113 isolates (73.8%) were confirmed as nontypeable and subjected to Western blot analyses with a polyclonal antiserum against R. terrigena ATCC 33257 K -. In this analysis, an additional 13 R. terrigena and two K. pneumoniae strains could be stained ( Fig. 1A,B O-serotyped R. terrigena strains were re-examined using the K. pneumoniae O12 reference serum (Fig. 1C ). The observed serological cross-reactivity implied that these strains expressed a structurally similar or even identical O-PS, and that the cELISA method using the K. pneumoniae O12 reference serum missed a large number of O12 strains.
RESULTS
O-
In summary, 10.5% of all analysed Raoultella spp. and Klebsiella spp. isolates were typeable with the R. terrigena ATCC 33257 specific antiserum. To resolve the apparent discrepancy between cELISA and immunoblot analysis, we have analysed the chemical structure of the LPS of the capsule deficient R. terrigena ATCC 33257 mutant and characterized the genetic background of its O-PS biosynthesis.
Structural analysis of the R. terrigena ATCC 33257 K -LPS Previous structural analyses of K. pneumoniae LPS revealed that the core oligosaccharide (OS) of klebsiellae contains an a-D-GalpA residue, which is substituted at position 4 by a common structural element connecting the core with the O-PS. 13, 40, 41 The chemical structure was determined as
was partially substituted with L-glycero-a-D-manno-heptose at C-4. This element undergoes a b-elimination reaction under strong alkaline conditions commonly applied for the deacylation of LPS and is destroyed in this reaction. 41 As described by Vinogradov et al., 13 the O-PS can, however, be cleaved from the inner core by de-amination with nitrous acid or mild acid degradation.
Based on the assumption of a structurally similar core OS for R. terrigena and K. pneumoniae, we have applied a strong alkaline degradation procedure under reducing conditions to convert the GlcN at the reducing end of the released O-PS into its alditol, protecting it from further degradation and allowing the simultaneous isolation of the deacylated core OS. Subsequent gel filtration led to the isolation of two fractions, which were analysed by NMR. The 1 H-and 13 C-NMR analysis of the smaller OS and comparison with published data revealed that the R. terrigena inner core OS was identical to the core OS of K. pneumoniae O1 (data not shown). 41 The 1 H-NMR of the larger fraction containing the O-PS showed signals, which indicated the presence of mostly free and some N-acetylated b-GlcN and Rha, contradicting previously published data. 42 To exclude the possibility that the observed heterogeneity with respect to the N-acetylation was artificially introduced by an incomplete alkaline hydrolysis, we subjected the LPS also to de-amination. Isolation of the intact de-aminated O-PS by gel filtration confirmed the presence of a single free amino group in the LPS, and chemical analysis revealed a composition of D-GlcNAc and L-Rha in a molar ratio of 1 : 1. The 1 H-NMR spectrum (Fig. 2) contained two major signals of anomeric protons, which, after full assignment by two-dimensional 1 H, 1 H-double quantum filtered-correlation spectroscopy and 1 H, 13 C-heteronuclear multiple quantum coherence (HMQC; Fig. 3 ) experiments, were shown to belong to GlcpNAc and Rhap ( Table 2 ). The GlcNAc residue possessed b-( 3 J H-1,H-2 % 8 Hz, 1 J C-1,H-1 % 164 Hz) and the Rha a-configuration ( 1 J C-1,H-1 % 172 Hz). Chemical shift analysis showed, that the signal of C-3 of the GlcNAc residues was shifted far downfield (82.3 ppm), indicating a substitution at this position. A similar downfield shift was found for the C-4 signal of the Rha residue. This substitution pattern was proved by the analysis of an 1 H, 13 C-heteronuclear multiple bond correlation NMR-spectrum. In addition, the 1 H-NMR spectrum of the O-PS showed signals in the high field region of the spectrum (1.5-2.7 ppm) suggesting a substitution by b-Kdo (Fig. 2) . These signals were previously attributed to a terminal Kdo residue in the O-PS as a possible termination signal of chain elongation. 13 Thus, the chemical structure of the O-PS of R. terrigena ATCC 33257, as shown in Figure 4 , is identical to the recently revised structure for the K. pneumoniae O12 serotype. 13 To exclude the possibility that any structural modifications were missed upon alkaline hydrolysis or during the de-amination procedure, we have also applied a very mild acid hydrolysis (0.1% acetic acid) for the isolation of the O-PS. A matrix-assisted laser desorption ionization-time-of-flight mass spectrum (not shown) of the hydrolysate showed signals spaced by 349 Da, which confirmed an O-PS composed of a disaccharide repeating unit of N-acetylated GlcN and Rha (GlcNAc 203 Da, Rha 146 Da).
Cloning of the R. terrigena ATCC 33257 wb gene cluster
The genomic library of R. terrigena in E. coli VCS257 was screened for the presence of the R. terrigena wb gene cluster (Rt wb) by resistance to bacteriophage fFfm. Substitution of the LPS core by heterologous expressed O-antigen blocks the phage-specific receptor within the unsubstituted LPS core and confers resistance to phage infection. 36 Several fFfm-resistant clones were isolated and analyzed for O-PS expression by SDS-PAGE and Western blotting. Escherichia coli VCS257 carrying pPS01 showed a typical ladder-like appearance of smooth LPS and re-transformation, followed by immunoblot analysis using the R. terrigena ATCC 33257 specific O-antiserum confirmed O-PS synthesis (data not shown). Several attempts to subclone the entire Rt wb from the 37-kb insert of pPS01 failed, and strains carrying subcloned cosmid fragments of 4 kb and 4.6 kb in pPS07 and pPS09, respectively, showed a different LPS banding pattern in SDS-PAGE than E. coli VCS257/pPS01. This could be explained by a complementation of the rfb-50 mutation by an Rt wb encoded rhamnosyltransferase restoring the O16 expression in E. coli, which was confirmed by Western blot analysis with an E. coli O16 specific antiserum ( Fig. S1 of Supplementary Material).
Analysis of the R. terrigena ATCC 33257 wb gene cluster
The partial DNA sequences of the Rt wb cluster in pPS07 and pPS09 served as a starting point for amplification of the adjacent 5'-and 3'-genomic regions using a primer walking approach. As a result, a number of recombinant plasmids were generated, which carried overlapping PCR products covering the entire Rt wb region (Fig. 5 ). DNA sequence analysis of this 15.4-kb region identified a total of 10 complete and two truncated open reading frames (ORFs), the latter corresponding to gnd encoding the 6-phosphogluconate-dehydrogenase at the 5'-end and hisI encoding the phosphoribosyl-ATP pyrophosphohydrolase:phosphoribosyl-AMP cyclohydrolase at the 3'-end (Table 3 ). Both genes have previously been shown to map in close physical association with different enterobacterial wb clusters, such as K. pneumoniae O3 and O5 or E. coli O8 and O9, and indicated that the sequenced region contained the entire Rt wb gene cluster. 43 Similarity searches of the deduced amino acid sequences of putative ORFs are summarized in Table 3 . Open reading frames 1 and 2, located adjacent to gnd, were highly similar to the housekeeping enzymes Ugd and Uge, respectively. Both enzymes are part of the nucleotide sugar metabolism and catalyze the interconversion of UDP-Gal to UDP-GlcA in two consecutive steps. 44 Strikingly, uge was flanked by two non-coding regions of approximately 1-kb length. We were not able to identify any ORF or regulatory element within these regions, but found a similar genomic organization for uge within the wb region of K. pneumoniae ATCC 700721 (NC_009648). 44 Open reading frame 3 to ORF6 displayed a high degree of similarity to the conserved rmlBADC genes of K. pneumoniae KT776 (O12:K80) coding for formation of dTDP-Rha, the immediate precursor for Rha residues of the O-repeating units. 45 Further, the so-called ops (operon polarity suppressor) element was found as part of the conserved 39-bp JUMPstart sequence (just upstream of many polysaccharide-associated gene starts) in the non-coding region upstream of rmlB. This regulatory element has been shown in close association with many polysaccharide encoding gene clusters and is essential for RfaHmediated regulation of gene expression. 46, 47 Open reading frame 7 and ORF10 showed high similarity on the amino acid level to putative rhamnosyl and N-acetylglucosaminyltransferases of Serratia marcescens N28b O4 and K. pneumoniae KT776 O12. 45, 48 Both strains express structurally similar O-antigens and, accordingly, ORF7 and ORF10 were designated wbbL for the rhamnosyltransferase and wbbB for the N-acetylglucosaminyltransferase. Open reading frame 8 and ORF9 showed a high degree of similarity to Wzm and Wzt, the components of the ATP-binding cassette (ABC) transporter in K. pneumoniae KT776 and S. marcescens N28b. 45, 49 Hydrophobicity analysis of the deduced amino acid sequence of ORF8 predicted six membrane-spanning regions, indicating its transmembrane location (data not shown). Conserved Walker box A (GRNGAGKST) and box B (ILIVD) motifs of the ATP-binding component Wzt were identified in ORF9. 50 These results suggested that O-PS in R. terrigena ATCC 33257 is synthesized via the ABC transporter dependent pathway. 
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Residue Characterization of R. terrigena ATCC 33257 wbbl and wzm mutants
Formation of the O-PS depends on the activity of specific glycosyltransferases and its translocation to the periplasmic face of the inner membrane prior to ligation to the lipid A-core. Inactivation of each step leads to a rough LPS phenotype, due to premature chain termination or accumulation of O-PS at the inner side of the cytoplasmic membrane. 51 To inactivate the wbbL and wzm genes of R. terrigena by allelic exchange, we constructed the pCVD442-derived plasmids pKM105 and pKM106 containing insertional mutations in wbbL and wzm, respectively. 38 In order to confirm the chromosomal integration of the wbbL::MuCm and wzm::MuCm cassettes, genomic DNA was isolated from several clones and analyzed by PCR amplification of the rmlD-wzm region with the primer pair rmlDwbbL1 and wbbLwzm2. Amplification of the wild-type allele resulted in a PCR product of 2.8 kb, whereas PCR products of about 4 kb indicated the successful integration of the targeting cassettes in R. terrigena ATCC 33257 (Fig. 6A ). Subsequent analysis of the LPS from R. terrigena (wbbL::MuCm) and R. terrigena (wzm::MuCm) mutants using silver-stained SDS-PAGE detected exclusively rough-type LPS as a result of wbbL and wzm inactivation (Fig. 6B) , which supported the conclusion that wbbL and wzm were essential for O-PS biosynthesis in R. terrigena ATCC 33257.
Recombinant expression of the R. terrigena ATCC 33257 wb gene cluster
In order to obtain further evidence that the supposed wb gene cluster of R. terrigena contains all genetic information necessary for biosynthesis and export of the O-PS, we introduced the Rt wb gene cluster (pKM114) into E. coli DH5a. To avoid structural alterations by interference with functional copies of E. coli K-12 wb genes, pKM114 was additionally introduced into E. coli HU1190, a Á(sbcB-rfb) derivative of E. coli K-12 that lacks the entire wb region. 52 As demonstrated by SDS-PAGE, recombinant expression of the Rt wb gene cluster resulted in synthesis of smooth LPS in both E. coli strains (Fig. 7A) . Immunoblot analysis revealed a weaker reactivity of the heterologously expressed O-antigen with the R. terrigena specific antiserum (Fig. 7B ) compared to the O12 reference serum (Fig. 7C) . This difference became even more evident for the LPS expressed in E. coli DH5a (lane 6 in Fig. 7A,B) , giving a significant stronger signal with the O12 antiserum. Consequently, Western blots were repeated with E. coli F111119-41 O16 specific antiserum and with absorbed R. terrigena antiserum to prevent cross reaction with the lipid A-core-component and other surface-associated determinants. However, we observed no difference in reactivity of the absorbed antiserum, but detected cross-reactivity with O16 for the LPS expressed in E. coli DH5a, indicating that this strain was capable of synthesizing two different O-PS ( Fig. S2 of Supplemental Material). We, therefore, assume that the weaker reactivity of the R. terrigena polyclonal antiserum may result from a loss of epitopes located within the LPS core of R. terrigena upon heterologous expression in E. coli. Taken together, these results allowed us to draw the conclusion that recombinant expression of the Rt wb gene cluster in E. coli resulted in synthesis of an O-PS, serologically indistinguishable from the O12 antigen of the K. pneumoniae 708 reference strain.
Biosynthesis of R. terrigena ATCC 33257 O-PS depends on WecA
Initiation of O-PS biosynthesis depends on the generation of a sugar-primed lipid carrier serving as a precursor for O-PS assembly. This initiation step usually requires the activity of WecA (Rfe) or WbaP. [53] [54] [55] To test whether biosynthesis of the R. terrigena O-PS is initiated by WecA, pKM114 was introduced into E. coli AB1133 and its isogenic wecAderivative 21548 (rfe::Tn10-48). 56 As expected, O-PS expression was restored in E. coli AB1133 but not in 21548, indicating a WecA-dependent initiation of O-PS biosynthesis (Fig. 8 ).
DISCUSSION
Major surface antigens of klebsiellae such as CPS and LPS have been suggested as targets for the development of new vaccines. On the basis of 24 different Klebsiella spp. capsular antigens, a vaccine has been generated that was protective in animal models and preventative against hospital-acquired Klebsiella infections. 57, 58 However, no specific K serotypes are significantly prevalent among clinical isolates. 59, 60 On the other hand, only four O-serotypes (O1, O2ab, O2ac, and O5) account for up to 80% of all Klebsiella isolates found in clinical specimens. 15, 16 Therefore, the development of a vaccine based on these predominant O-serotypes has been suggested. 14 The success of this approach depends on the percentage of pathogenic strains covered by a combinatory vaccine. Therefore, it is important to note that up to 21% of clinical isolates cannot be serotyped with the established cELISA serotyping scheme. 15, 16 This was also true for the R. terrigena ATCC 33257 type strain characterized in this report. In an effort to improve the epidemiological analysis, we have obtained an O-antiserum against a capsule-deficient mutant of R. terrigena ATCC 33257 to study the distribution of its O-serotype among clinical Raoultella spp. and Klebsiella spp. isolates. We have demonstrated that the O-serotyping scheme approved for K. pneumoniae and K. oxytoca is also applicable to the Raoultella species R. terrigena, R. planticola and R. ornithinolytica. Indeed, the most prevalent O-serotypes here are O1 and O2ab, similar to K. pneumoniae. 16 We could further show that 16 (10.5%) of all 153 clinical Klebsiella and Raoultella spp. from various collections reacted with the R. terrigena ATCC 33257 specific antiserum. Five of these isolates were originally isolated from blood (n ¼ 2), polymicrobial infections (n ¼ 2), or urine (n ¼ 1), and belonged to the species R. terrigena (n ¼ 3) and K. pneumoniae (n ¼ 2), respectively. The R. terrigena strains expressed K2 or K5 capsule types, which were shown to be predominant among clinical isolates of K. pneumoniae and closely associated with virulence, indicating the pathogenic potential of these isolates. 9, 61, 62 We expected that these strains, which were non-typeable by cELISA, expressed O-PS of so far unknown structure. However, the R. terrigena ATCC 33257 specific antiserum both recognized numerous non-typeable strains and cross-reacted with K. pneumoniae O12. This cross-reaction was confirmed using a K. pneumoniae O12 specific antiserum in Western blots and was also observed for the O-PS of R. terrigena expressed in E. coli DH5a (pKM114) and HU1190 (pKM114). We have, therefore, determined the O-PS structure of the capsule deficient mutant of the R. terrigena type strain.
Compositional and structural analysis of the R. terrigena O-PS revealed a disaccharide repeating unit of the structure [!4)-a-L-Rhap-(1 ! 3)-b-D-GlcpNAc-(1 !] n . Furthermore, 1 H-NMR analysis indicated the substitution with b-Kdo, which has been suggested to function as a signal to terminate O-PS elongation in some K. pneumoniae. 13 Nuclear magnetic resonance spectroscopic analysis of the core OS and comparison to published data further revealed that R. terrigena ATCC 33257 and K. pneumoniae O12 possess the same core OS structure. 41 Thus, the crossreactivity of the sera in Western blot analysis can be explained by identical LPS structures. The lack of full cross-reactivity in cELISA in which only the ATCC 33257 O-antiserum reacted with K. pneumoniae O12 but not vice versa was thus surprising, but may reflect the presence of an additional cellular epitope specific for the O12 reference strain absent in other Klebsiella and Raoultella strains.
The structural data were confirmed by genetic analyses of the wb gene cluster of R. terrigena. Cloning and expression of the Rt wb gene cluster in E. coli K-12 resulted in O-PS formation, and sequencing data revealed a gene content and organization identical to the previously reported wb gene cluster of K. pneumoniae O12. 45 Both wb clusters contain eight genes, coding for the biosynthesis of the activated sugar precursor dTDP-Rha (rmlBADC), assembly of the O-PS by two glycosyltransferases (wbbL and wbbB), and export of the polysaccharide chain to the periplasmic side of the cytoplasmic membrane by an ABC-transporter (wzm and wzt).
In the present work, we have identified a JUMPstart sequence as a regulatory element upstream of rmlB and a putative uge gene at the 5'-end of the wb gene cluster. Strikingly, uge is found to be flanked by two non-coding regions with relatively low G þ C contents of 40% and 43%, respectively. However, BLAST searches revealed a similar arrangement of uge within the wb gene cluster of K. pneumoniae ATCC 700721, including two flanking non-coding regions of approximately 1 kb (Genome Sequencing Center at Washington University School of Medicine, St Louis, MO, USA), and sequence comparison showed that these are partially identical to those of R. terrigena (data not shown). Uge, as part of the central sugar metabolism, is involved in the formation of dUDP-GalA, a sugar residue present in the outer core of all Klebsiella serotypes. 63 As previously demonstrated for several K. pneumoniae strains, inactivation of uge results in a rough LPS phenotype, loss of capsule polysaccharides, and reduced virulence in mice. 44 Therefore, it is likely that Uge is essential for core elongation and subsequent O-PS substitution, but not for O-PS synthesis. 13 We have demonstrated that expression of the Rt wb gene cluster in E. coli results in production of smoothtype LPS with R. terrigena specific seroreactivity. Initiation of O-PS biosynthesis depends on the presence of a sugar-primed lipid carrier, the formation of which is catalyzed by either WecA or WbaP. 54, 64, 65 While the WbaP-catalyzed initiation reaction is closely related to the Wzy-dependent pathway, initiation via WecA has been described for both the Wzy and the ABCtransporter dependent pathway. 53, [66] [67] [68] WecA is an N-acetylglucosamine-1-phosphatetransferase for transfer of GlcNAc1P from UDP-GlcNAc onto an antigen carrier lipid. The resulting Und-PP-GlcNAc-primed precursor was shown to be utilized as a primer for both enterobacterial common antigen and O-PS synthesis. Based on the inability of an E. coli ÁwecA mutant carrying the Rt wb gene cluster to synthesize an O-PS, we conclude that formation of the R. terrigena O-PS requires the activity of WecA to prime polysaccharide chain elongation.
CONCLUSIONS
We have shown that the LPS of the R. terrigena ATCC 33257 type strain and K. pneumoniae O12 are structurally identical, possess the same genetic organization of the wb gene cluster and are assembled by the same biosynthetic pathway. An O-specific antiserum against the former allowed us to assign 10.5% of non-typeable Raoultella and Klebsiella strains to the serotype O12. Thus, the serotyping scheme for Klebsiella and Raoultella currently in use missed a significant number of clinically relevant isolates. Our results indicate a much higher prevalence of the O12-serotype than previously anticipated and should, therefore, be included in O-PS based vaccination strategies. Furthermore, future epidemiological and clinical studies will benefit from the new antiserum to provide more information about prevalent O-serotypes among clinical Klebsiella and Raoultella spp. strains.
